The diameter and length relationships of the anastomosing microvessels of the rabbit omentum were determined from serial photographs taken in vivo. Complete maps from input to output vessels in these microvascular beds were used to construct a hemodynamic model. The principal features are uniform distribution of surface area and volume from 20JU, arterioles to 25fi venules and uniform hydraulic hindrance up to the venules, where it drops to 5% of the total value.
• Physical parameters such as pressure, red blood cell distribution, and red blood cell and plasma flow in the microvascular tree of the peripheral circulation are, to a considerable degree, determined by the distinctive arrangement of minute vessels of different dimensions. Although it has been shown that the length, diameter, and location of major vessels of the circulation of mammals vary only within a narrow range on a comparative basis, this small variation is not apparent in vessels smaller than 50/i,. There is a considerable variation in number and location of microvessels even in small species, in which the range of diameters is substantially smaller (since the lower limit is the capillary diameter, which is nearly equal among species). Furthermore, a casual survey of the microvasculature gives the impression of a randomly arranged group of microtubes of varying diameters and lengths. For the most part, previous quantitative analyses of microvascular beds have relied on the recognition of broad categories based on the morphological features of the vessel wall, such as the presence (or absence) of smooth muscle and the location of capillary sphincters. Some years ago, one of us (1) catalogued the microvessels in different beds in terms of their functional characteristics. In brief, the microvasculature was analyzed as a system in which active and passive controls regulate the distribution of blood and pressure. The arterioles and metarterioles, the vessels with active diameter control, are the parent vessels from which capillaries originate, the entrance to the capillary network usually being regulated by sphincters. With successive branching, the offshoots show no active control, so that blood flow through these vessels is regulated by their geometrical properties. The transition between the arterial and venous capillary network is not clearly defined; consequently, for the purpose of these studies, we assume that the venous circulation begins where the flow pattern changes from divergent to convergent. The initial collecting vessels have been termed venous capillaries, which empty into collecting venules and differ from the large venules by the absence of smooth muscle. A fourth type of vessel was identified-the A-V bridge, or thoroughfare channel, which bypasses the major portion of the capillary circulation. A number of these features were recognized by Krogh (2) in his classic work on the capillary circulation. Older anatomical studies, such as those of Mall (3) , made no attempts to separate the different vessels into functional categories and provided data which are essentially an approximation since the method was not sufficiently quantitative.
Systematic quantitative studies of architectural aspects of the microvasculature in vivo by direct methods are scarce. Primary studies are those of Zweifach in the mesentery (4) and Wiedeman in the bat wing (5, 6) . Older, postmortem studies conducted by Mall (3) and Krogh (2) are suspect because of the uneven filling of the microvasculature when the action of the heart stops. The only studies in which an attempt was made to quantify the array of microvessels smaller than 20/x in diameter in the wing of the bat are those of Wiedeman (5, 6) . Systematic studies of the statistical distribution of the vessel with regard to length and diameter at different positions of the vascular tree are not available. As a consequence, when studies on exchange across the microvascular bed as a whole attempt to define an overall permeability coefficient-as in the isogravimetric technique of Pappenheimer and Soto Rivera (7), the isovolumetric method of Folkow et al. (8) , or in the diffusion studies of Renkin (9) , which attempt to define an area-permeability product-the results are inaccurate to the extent that for most organs the actual area of the exchange vessels is not known. Furthermore, since the exchange properties of the walls of microvessels vary, and since relationships between area and exchange properties have not been established, it is not possible to compare exchange data obtained from the above studies with that obtained from single capillaries such as the study of Zweifach and Intaglietta (10) .
In order to be in a position to compare the findings on fluid homeostasis between blood and tissue as determined by macroscopic, whole organ approaches with equivalent results measured at the level of single capillaries, we found it necessary to define in a quantitative context the architecture and the distribution of vessels in whole capillary beds in vivo. In the present studies, rabbit omentum was used because it has been previously characterized in terms of pressure and filtration properties (10) .
Methods
Rabbit omentum was exteriorized according to the technique described by Zweifach and Intaglietta (10) . In brief, rabbits weighing 1.5 to 2 kg were anesthetized with pentobarbital (30 mg/kg body weight) and the omentum exposed through a lateral incision in the abdominal wall. The animal was supported in a cradle attached to the stage of a Leitz intravital microscope, and the omentum was draped over a glass pedestal consisting of a flat, circular, bevel-edged glass disc 1 cm in diameter, 1 mm thick. The edges of the tissue were held down by small wedges of wet cotton, allowing the tissue to assume its natural unstretched dimensions. The preparation was kept moist with a 37°C drip of Ringer's solution With 1% gelatin. The tissue was transilluminated with a high pressure 100 watt mercury arc (Illumination Industries, Inc.) in conjunction with a Leitz monochromator, set to pass the 5400 A line, with a 50 A aperture. Photographic records of the area under study were made with a 45 mm Hasselblad camera and Kodak Pantomic film. Low power fields were photographed through a 6X UMK Leitz objective with a 10X ocular, and high power fields of the same area were 
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photographed with a 20x UMK Leitz objective and the same ocular. The photographs were printed at a final enlargement of 1000. The vascular beds selected for study consisted of large, self-contained networks of microvessels. A typical micro vascular bed is shown in Figure 1 . These occur in rabbit omentum and are associated with sites where fat will eventually be deposited and probably also play a role in the exchange of fluid with the peritoneal cavity. Measurements were made in young rabbits in which the omentum contains virtually fat-free areas. Typically, an arteriole 80/x to lOO^t in diameter traverses the omentum parallel to venules with a slightly larger diameter in which blood is flowing in the opposite direction. The arterioles branch repeatedly until vessels with diameters of 25ju, to 30/A are formed. These provide the input vessel to the network, which may contain as many as 50 to 100 capillary vessels.
In a given protocol, a capillary bed was selected with clearly defined inputs and outputs, and where there was no injury and all of the vessels in the bed were operational. The field was photographed first at low power and then at high power. The high power prints were assembled, using the low power photos as a frame of reference. The length of microvessels was measured by tracing the center line of the vessels, between branchings, with a map length meter. Diameters were determined by recording the average measurements near the entrance, middle, and exit of a given vessel. The location of the inside wall of a given vessel follows the technique of Baez (11) who assumes that the inner wall is at the edge between the dark band cast by the endothelial layer and the contrasting light plasma layer adjacent to the wall. The actual linear dimensions were established by repeating the measurements on a micrometer scale of lO/u, divisions photographed and printed concurrently. Tests showed that a practiced operator could measure the inside diameter of a capillary within ±0.2[J,. Given the normal aperture of the system, and the distortions resulting from the probable lack of uniformity of omentum thickness, the measurements reported herein are estimated to be accurate by ±0.5y n .
The routine was to map input and output vessels together with all intervening capillary vessels. Input vessels were termed first-order branching. These branched into second-order, and these in their turn into third-order branches. The same nomenclature was used in reverse to catalogue the venular portion of the microbed beginning with the exit venule. In complex vascular beds, it was found that between the third-order arteriolar and venular branches, there were a substantial number of randomly connected Circulation Research, Vol. XXV111, May 1971 capillary vessels that could not be classified either by flow direction or vessel dimensions. These vessels w&re mapped, measured, enumerated, and termed midcapillaries. To calculate exchange surface area and hydraulic hindrance and to obtain comparable values for the midcapillaries, a line termed "midcapillary line" was drawn so that it intersected all such vessels separated by the same number of branchings from both the arterial and venous ends of the networks. In other words, the midcapillary line is drawn through points that divide the capillary bed into two areas with the same number of orders of branching (but not necessarily the same number of vessels); this line roughly coincides with the points where the flow pattern changes from divergent to convergent. Intersections with branching points were counted as 1.5. The data were analyzed statistically as a function of order of branching. Nine complete capillary beds were mapped with a total of 496 vessels.
A number of measurements of the thickness of the omentum were made by focusing first on the upper surface (relative to the objective) and then on the surface of the pedestal, and noting the difference in focus setting on the fine control adjustment of the microscope.
The area of the omentum supplied by these vessels was estimated by planimetering the outer edge of the capillary bed.
Results
Typical results for an individual system of microvessels are shown in Table 1 . Overall results are given in Table 2 in terms of the number of vessels, average lengths, diameter, and the ratio of length to diameter. The surface area and volume of each vessel were also calculated and their values averaged according to the order of branching. The hydraulic hindrance at each level of branching was calculated by assuming a uniform Newtonian viscosity for blood in the micro circulation where the hindrance, Rj, for each order of branching, i, is given by: u where £ { is the average length, $ 4 the average number of capillaries, and 0 t 4 the average of the fourth power of the diameters. The hydraulic hindrance of midcapillaries was computed by using the average fourth power of the diameter for midcapillaries, the Z V * corresponding to the average number of microves- TAI1LE 1 Diameler and Length in Self-Contained Microvascular Bed of Rabbit Omentum sels crossing the midcapillary line and adjusting the length L* in such a fashion that the total average intravascular volume at the midcapillary level is identical to the one obtained by multiplying the average volume of midcapillaries by the average number of midcapillaries. The average area of each network and the volume of tissue supplied and capillary spacing at each order of branching are reported in Table 3 .
When the ratio of length to diameter obtained by averaging the individual measurements of each vessel is compared with the ratios of overall average length and diameter, it was found that the latter was consistently smaller. The distribution of lengths is not strictly Gaussian, due to the relative abundance of very long capillaries, which are up to 500/4 in length. Diameters, on the other hand, appear to follow a Gaussian distribution. The difference between distributions is shown in Figure 2 .
Average parameters of self-contained omental microvascular networks in the rabbit were as follows. Volume of blood/unit volume of tissue: 0.14 ml/cm 3 Surface of 1 ml of blood in tissue: 2,360 cm2/l ml blood Representative values in the literature are tabulated in Table 4 .
Discussion
To construct a hydraulic model based on the dimensional data reported here, it is essential that the scheme employed in cataloguing the microvessels should be shown to be representative of the natural order or, in other words, that the distribution of branches Circulation Research, Vol. XXVlll, Mai 1971 does not occur at random but that a discernible organization exists. Evidence for the existence of an underlying scheme in the distribution of vessels is provided by the gradual and progressive variation of length, diameter, and length-diameter ratio as a function of order of branching, and the relatively uniform distributions of exchange area and hydraulic resistance.
With regard to the absolute values, the length of vessels appears to be substantially Krogh (2) Krogh (2) Krogh (2) Mall (3) Wiedeman (6) present study
Mall (3) Wiedeman (6) present study Krogh (2) Krogh (2) Krogh (2) Martini & Honig (12) present study Krogh (2) Krogh (2) Krogh ( Table 1 12. fThese are approximatioas since there is no evidence that the average permeability for mucosal, submucosal, and muscular layers of the cat small intestine are the same as that of the rabbit omentum. The same is true for the cremaster muscle and skeletal muscle.
{Rat hind limb CFC = 0.033 ml/100 g tissue/min/mm Hg; rat cremaster muscle K = 0.001 n'/if/sec/cm H2O from Smaje et al. (14) .
smaller than similar data reported by Wiedeman in the bat wing (5, 6) and Smaje et al. in the cremaster muscle (14) . Diameters, on the other hand, are greater and fall within the upper portion of the range, 3.0 to 10.0/x., determined by Zweifach and Kossman in the mouse mesentery (15) .
The data collected in this study can be used to construct a hydraulic model of this type of microvascular bed. The number of vessels is determined by rounding the fractions to the nearest integers and the length to approximate the distribution of resistance found for the average of the nine beds studied.
Measurements of both diameter and length are necessary for the construction of a representative model of the microcirculation. Previous studies (6) focused on the total cross-sectional area at various levels; however, this value cannot properly be related to either capacitance or hydraulic resistance and exchange surface unless the actual lengthdiameter ratio is known.
The accuracy with which this model depicts the flow distribution in a bed is dependent on the actual distribution of diameters in a given network of microvessels, in view of the profound effect (D * ) of this parameter on the hydraulic resistance of the circuit and therefore on the pressure distribution. In particular, the presence of specialized vessels such as preferential or thoroughfare channels, in the sense defined by Zweifach (16) , may change the calculated distribution of hindrance. These channels are usually evident in survey photographs and are wider than the surrounding Circulation Research, Vol. XXVIII, May 1971 599 vessels. To test their effect on the hydraulic characteristics of the system, a second model was constructed under the assumption that after the first order of branching and including the second venular branches, there is a continuous vessel in the bed whose diameter is one standard deviation greater than that corresponding to the local order of branching. The overall distribution of hindrance is not significantly affected; however, the total hindrance is reduced by 30%. A direct comparison between the present findings for the omentum and other tissues is not possible because the type of data presented herein is not available. Some indirect comparisons are possible by relating parameters calculated for this tissue and similar parameters deduced from whole organ studies. The omentum, which is not a parenchymatous tissue, manifests the same type of autoregulatory responses found in other tissues and responds to drugs and sympathetic stimulation. It should be emphasized that in adult animals, omentum (and mesentery) has a large amount of fat, which requires a relatively high blood supply. Furthermore, electron microscopy of the capillaries in omentum (and mesentery) indicates that they are similar, if not identical, to those in other tissues such as muscle. One cannot, therefore, consider the omental microvasculature as atypical.
In view of the thinness of the omentum (38/t average through the network), the comparison of this two-dimensional geometry to a three-dimensional geometry is probably justified in this preparation since the thickness of the tissue is approximately equal to the capillary spacing. A calculation of flow rate through this tissue, assuming a pressure drop between input and output of the network of 15 cm H 2 O, and a blood viscosity of the order of 0.04 poise yields an average flow rate of 1.5 X 10~8 ml/sec per microvascular bed, and a tissue perfusion on the order of 750 ml/min/100 g tissue. Values in this range were found by Lundgren (17) in the intestinal mucosal flow and intestinal crypts under conditions of maximal dilatation, which is probably the condition prevailing in this tissue Circulation Research, Vol. XXVlll, May 1971 with the given experimental conditions. When flow rate is related to input vessel diameter (20.3/A), the average velocity is about 1.2 mm/sec, which corroborates the findings of Gaethgens et al. in the cat mesentery (18) and Intaglietta et al. in the rabbit omentum (19) .
The perfusion calculated for this tissue is large when compared with resting skeletal muscle (3 ml/min/100 g tissue), or resting gastrointestinal tract (35 ml/min/100 g tissue), to cite a few typical tissues (see review by Mellander [20] ). Also, the direct measure of surface area available for exchange per unit volume of tissue provides values substantially larger than those obtained from whole organ studies such as those of Folkow et al. (8) and Renkin and Zaum (21) . These two facts indicate that under normal conditions, in vivo perfusion of this tissue is probably much lower and consequently flow must occur through relatively few vessels connected in a series. Presumably, flow in these vessels is determined by chemical and nervous controls. On demand, then, more vessels are made available, and under conditions of maximal perfusion, the flow is controlled primarily by geometrical and rheological characteristics.
The uniform distribution of surface area is significant in terms of the probable existence of a gradient of permeability, as proposed by Rous and coworkers (22) , Landis (23) , and more recently by Zweifach and Intaglietta (10) , who reported a fourfold increase in the permeability of single capillaries of the rabbit omentum toward the venous end of the bed. When one relates the combined effect of this permeability increase, the uniform distribution of surface area and the relatively low hydraulic hindrance of the venous end of the network, it is apparent that minute shifts in venous pressure will have profound effects on the fluid homeostatic balance of this tissue.
